The characteristics and distribution of the organic matter (OM) pool were investigated in . DOC concentrations were more or less uniform in the entire Gašparović, Blaženka; Plavšić, Marta; Bošković, Nikola; Ćosović, Božena; Reigstad, Marit. Organic matter characterization in Barents Sea and eastern Arctic Ocean during summer. 
Organic matter characterization in Barents
concentrations of both surface-active polysaccharides and proteins, in dissolved and particulate phases (Gašparović et al., 1998b) .
Some well-defined organic molecules although present at very low concentrations, could play a significant role as indicators of the cycling of trace constituents and represent, as such, the markers of particular biogeochemical processes. Folic acid (FA) could be considered an indicator for some phytoplankton due to the significant correlation between biomarker pigments for cyanobacteria and green algae (zeaxanthine and chlorophyll b, respectively) and the concentration of FA (Plavšić et al., 2002) . FA is widespread in marine waters and could play a role as a nutrient for some microorganisms and is released at the same time by other microorganisms (Le Gall and van den Berg, 1998; Plavšić et al., 1997) . The spatial and seasonal distributions of FA depend on a sensitive balance between its production, consumption and UV-decomposition (Le Gall, van den Berg, 1998; Plavšić et al., 2002; Plavšić, 2004) , indicating that FA should be regarded as a highly reactive compound in the sea.
Our investigation aimed to contribute to the characterization of the OM pool in the eastern Arctic region by coupling the DOC measurements with the determination of the spatial distribution of surface-active substances and folic acid. These substances are produced through phytoplankton activity, and could be indicators of OM-cycling processes, such as transformation and sinking. Electrochemically active sulfur species were also determined for the investigated area as they interact with the present OM and are part of the global sulfur cycling. Gašparović, Blaženka; Plavšić, Marta; Bošković, Nikola; Ćosović, Božena; Reigstad, Marit. 
Materials and Methods

Study area
Sampling was performed east of Svalbard in the northern Barents Sea (Stations IX-XI and XIII) and at one station off the shelf break north of Svalbard, eastern Arctic Ocean (Station VII) (Fig. 1 , Table 1 ). Due to the long seasonal ice-cover and the presence of drift ice, measurements are sparse in this region. The investigated area was characterized by open-to closed drift ice. The stations were distributed from 82º 24.9` to 79º 23.3`N ( Table 1) .
Sample collection, processing and analysis
Seawater was sampled at five stations from July 23 to 31, 2004 with the R/V ¨Jan Mayen¨. Five-liter Niskin bottles were used for seawater sampling. Water samples were obtained from fixed depths (1, 5, 10, 20, 30, 40, 50, 60, 90, 120, 150, 200, 300 , 400 and 500 m), or from as deep as the station depth allowed (Table 1) . Under-ice seawater was sampled by divers. Some electrochemical measurements were performed immediately after sampling in the ship laboratory while other samples were deep-frozen and analyzed subsequently on land. For the dissolved OM determination, seawater samples were filtered (-50 kPa) using precombusted Whatman GF/F glass fiber filters (0.7 m pore size) after 5 h of combustion at 450 °C.
At each station, continuous vertical profiles of temperature and salinity were determined with standard Sea-Bird SBE 9 and SAIV SD 204 CTD profilers attached to the rosette (Sundfjord et al., submitted) 2.3. Pigments determination Gašparović, Blaženka; Plavšić, Marta; Bošković, Nikola; Ćosović, Božena; Reigstad, Marit Chlorophyll a (Chl a) and phaeopigments were measured with a Turner Designs AU-10 fluorometer, calibrated with pure Chl a (C 6144, Sigma Chemical Co). Parallel samples (3 x 100 ml) where filtered on Whatman GF/F filters, extracted with 5 ml of 100 % methanol at room temperature in the dark. The samples were then centrifuged and analyzed according to Holm-Hansen and Riemann (1978) . The mean standard deviation for all pigments was 0.069
(n = 112).
DOC analysis
The DOC concentrations were analyzed in duplicate using the sensitive high temperature catalytic oxidation (HTCO) technique. A Model TOC-5000 System (Shimadzu) with high sensitive Pt catalyst and non-dispersive infrared (NDIR) detector for CO2 measurements was used. The mean standard deviation was 2.46 mol l -1 (n = 140), corresponding to expanded uncertainty of measurements at k = 2 (95 % confidence level) to 7 %.
Folic acid determination
Electrochemical measurements of folic acid and sulfur were performed with a µ-Autolab (Electrochemical Instruments, Eco Chemie) connected to a 663 VA stand (Metrohm), with static mercury drop electrode as the working electrode. The reference electrode was an Ag/AgCl (3 M KCl) electrode connected to the solution via an electrolyte bridge, and a platinum electrode served as the auxiliary electrode.
Folic acid was determined by differential pulse cathodic stripping voltammetry (Le Gall and van den Berg, 1993) . is calculated from 3. Sensitivity is 0.8 nA per 1 of NaOH and kept in the dark at 4 0 C.
Sulfur determination
Determination of reduced organic and inorganic sulfur in seawater samples was performed by applying linear sweep voltammetry (LSV) (Ciglenečki and Ćosović, 1997; Krznarić et al., 2001 ). In . Electrochemical determination of sulfur species is based on the reaction between sulfur and the mercury electrode. After accumulation of sulfur species on the electrode surface at the deposition potential E = -0.20 V, potential scans were run to the negative direction (up to E = -1.00 V) and HgS reduction peaks, characteristic of many sulfur species, were recorded (Ciglenečki and Ćosović, 1996) . After degassing the sample with N2 at pH = 2.0, and readjusting the pH again to pH = 8.0 the concentration of S 
Characterization of SAS
Surface-active substances were determined by phase-sensitive alternating current voltammetry using out-of-phase mode (Ćosović and Vojvodić, 1982) . This electrochemical method is simple, nondestructive and does not need any pretreatment before measurements.
The principle of the method is that SAS, when adsorbed on the mercury electrode surface, decrease interface capacitance. The concentration of SAS in natural seawater sample is expressed as the equivalent concentration of the nonionic surfactant Triton-X-100 (T-X-100), which produces the same effect as natural organic substances in the sample. The lower detection limit, expressed as T-X-100 concentration, is 0.02 mg l -1
. In Fig. 3 the capacity current-potential curves are presented for samples taken at station X (5 and 150 m depth), indicating the presence of different concentrations of SAS on the two depths as well as predominance of different SAS material as seen from the different shapes of the voltammetric curves 2 and 3. Different organic substances, polysaccharides, proteins, lipids and humic type substances that are contributing to SAS pool are distinguishable by different desorption potentials and peak shapes (Vojvodić et al., 1994) . Desorption peaks for highly hydrophobic SAS such as lipids appear at potentials around -1.2 V, while macromolecular substances exhibit desorption peaks at more negative potentials, around -1.7 V.
Characterization of SAS using o-nitrophenol as an electrochemical probe is based on the fact that electrochemical characteristics of o-nitrophenol (peak potential, height and shape, as well as prepeak height) change in significantly different ways depending on the properties of the adsorbed organic substances (hydrophobicity, acidity) As a result it is possible to distinguish between major organic groups, polysaccharides, proteins, lipids and refractory humic type substances, can be achieved (Gašparović and Ćosović, 1994; 1995) . The shift of peak potential is indicator of OM hydrophobicity while the increase in prepeak height is an indicator of increasing OM acidity Ćosović 1995, Gašparović et al., 1998b) .
Relative acidity is obtained from the normalization of relative increase in prepeak height ((Ia/Ia0-1) to the surfactant activity (expressed as equiv. concentration of T-X-100). Relative acidity is an arbitrary unit of acidity per surfactant activity (l mg -1 ) (Gašparović and Ćosović, 2003 ). The results were elaborated for total SAS (SAST), dissolved SAS (SASdiss) and the difference between the concentration of total SAS and SAS ( SAS"p".). SAST were determined from the unfiltered sample, while SASdiss were determined from the filtered sample.
Results
Hydrographic conditions and phytoplankton standing crop
The ) for the Barents Sea stations.
Dissolved organic carbon
DOC concentrations during this study ranged from 59.5 to 75.0 mol l -1 (Table 2) ).
Sulfur species
In almost all samples from the Barents Sea including the Arctic station VII, the presence of sulfur species was determined (Table 5 ). The concentration of sulfur species was up to 10 nM (sample from station XI, 1 m depth). Sulfur was mainly present as inorganic species S 2-and S 0 . In some samples organic sulfur species were also observed (e.g. station X, 5 and 20 m; station VII, 1, 60 and 90 m; station XIII, 40 m).
Surface-active organic substances
The vertical distribution of total SAS in each of the investigated stations is shown in The relative acidity of SAS is characteristic for different types of OM present in the marine environment. Model experiments, using the same experimental approach as here,
showed that biogenic SAS such as polysaccharides, proteins and lipids, contribute less to the ) (Gašparović and Ćosović, 2003) . (Gašparović et al., 2005) and for the temperate seawaters in the Mediterranean, 7.7 -29.5 l mg -1 (Gašparović, unpublished data) . Very low relative acidity values were detected at all investigated stations at all depths in the Arctic and the Barents Sea.
Concentrations of inorganic nutrients are repleted under the ice and the dissolution of ice leads to enhanced phytoplankton blooms (Hegseth, 1998) . In Table 5 values of all measured and evaluated parameters for the under-ice samples from this distinctive area are collected.
The data from under-ice samples showed no significant difference to those in adjacent seawater. In contrast, the under-ice sample of Station VII exhibited increased DOC and surfactant activity concentrations compared to the entire investigated water column of the same station.
Discussion
Organic matter in the northern polar region investigated can be considered to be of both autochthonous origin and advected by inflow waters and from melted ice drifted from the eastern shelves. Riverine OM should be insignificant since the region is not under the influence of the main Arctic rivers (Aagaard and Carmack, 1989; Andersson et al., 1994) . OM is under the influence of various biogeochemical processes that lead to OM accumulation or losses. Phytoplankton biomass and composition in the region vary considerably and are dependent upon hydrological, chemical and biological factors, as well as upon the coverage and thickness of sea ice (Owrid et al., 2000; Andreassen et al., 1996; Falk-Petersen et al., 2000) .
Moderate algal biomass (low Chl a concentrations) was detected at most of the stations during this cruise. Open drift ice in the region in July is generally characterized by the depletion of nutrients in the surface waters when compared to winter and spring situation (Reigstad et al., 2002) . No correlation was found between the Chl a and salinity decrease, as an indicator of nutrient input from melt water. It was shown that both the new and regenerated productions occur in the investigated region in summer, however grazing by micro-and mesozooplankton exerts a major control (Owrid et al., 2000) . Considerable vertical fluxes following the blooms also prevent long lasting biomass accumulations (Olli et al., 2002 ).
The increased contribution of phaeopigments in relation to Chl a in the deep Arctic as compared to Barents Sea indicates enhanced degradation of phytoplankton derived material most likely a consequence of high grazing pressure.
The detected DOC concentrations (Table 2) Folic acid is found in seawater and could be regarded as biomarker compound as it is a product of metabolism of some microorganisms (green algae and cyanobacteria) (Aaronson et al., 1977; Plavšić et al., 2002) , while other microorganisms e.g. the diatom Phaeodactylum tricornutum (Plavšić et al., 1997) are FA consumers. However little is known on potential FA producers and consumers in the Arctic. FA concentrations were found in concentration range of 0.1 -31 nM for the coastal waters (Gašparović et al., 2005; Plavšić, 2004) , while in North East Atlantic the FA concentrations were in the range 0.1 -4 nM (Le Gall and van den Berg, 1998). They found FA maximum in the euphotic zone (30 -100 m) and a secondary maximum at about 500 m. The deep water maximum was speculatively ascribed to the bacterial activity but this was not proved.
The detected low FA values in the UML of the Arctic Ocean and the Barents Sea in July 2004 could be assigned to the absence of its significant production related with the moderate phytoplankton biomass among which only a few phytoplankton species are known as FA producers. Known FA producers, such as green algae are not present and cyanobacteria are of limited importance in the region (Rat`kova and Wassmann, 2002) . FA consumption will most likely eliminate any FA accumulation in these waters since the bacterial community was well developed and active (Sturluson et al., submitted) . Slightly increased FA concentrations at the depths below the UML could be an indication that fresh marine OM sinks faster than it could be transformed/consumed in the upper layer where it is produced, although the contribution of bacterial activity also could not be ruled out.
The investigations on surface-active substances revealed that the UML exhibited higher SAST concentration, determined as equivalent to Triton-X-100 mg/l, when compared to the deeper waters, although significant SAS concentrations were detected down to 200 m depth.
The increased concentration of SAS in the euphotic layer is often related to the new phytoplankton community production (Gašparović and Ćosović, 2003; Gašparović et al., 2005) but it may originate from other sources. For example the SAS may be a relict from previous blooms resulting from protozoan grazing on phytoplankton (Kujawinski et al. 2002) . This is further supported by the significant concentrations of phaeopigment degradation products found in the region. It was shown that grazing losses in the same area and the same period of a year could be substantial (Verity et al., 2002) . In general, deep-water SAS concentrations depend on the downward fluxes and the efficiency of the system for recycling.
Increased SAS"p" have been mainly found during the period of increased phytoplankton activity (Gašparović and Ćosović, 2003) . It is interesting to note that in the Barents Sea the increased contribution of SAS"p" to the SAST was found mostly in the UML and only The surface-active organic matter in the polar region investigated was characterized by increasing hydrophilicity with the depth (Table 3 ). This suggests that new SAS of more hydrophobic character produced in the UML were partly removed or transformed in this layer. Freshly produced organic matter in the Arctic is labile, with high turnover rates (Dittmar and Kattner, 2003b) . It was shown that neutral sugars, as indicators of OM freshness (Amon et al., 2001) , are removed from the DOM pool in the upper 150 m water layer in the Arctic Ocean (Amon and Benner, 2003) . SAS/DOC ratio, as an indicator of SAS hydrophobicity, showed a decreasing trend from south to north and from the surface to deep waters. The relatively high SAS/DOC ratio in the upper water layer could be related to the dominance of flagellates and Prymnesiophyceae in the phytoplankton community in the European Arctic and subarctic ecosystems during summer Owrid et al., 2000; Olli et al., 2002; Rat`kova and Wassmann, 2002) . Flagellates are known to produce OM of more hydrophobic properties than diatoms (Žutić et al., 1981; Vojvodić et al., 1999) .and our findings lead to the conclusion that flagellates were the most likely producers of hydrophobic SAS in the Barents Sea.
The surface-active organic matter pool in the region is characterized by the dominance of neutral substances and those of very low acidity (Table 4) . Such low acidity values of SAS detected at all stations and depths were surprising due to the fact that the most marine organic matter is negatively charged (Stumm, 1990) . All our previous investigations in temperate regions have shown much higher SAS acidity (Gašparović et al., 1998a; 2005) .
Moreover, in contrast with other regions, where the acidity of SAS increases with depth due to the increased contribution of polyelectrolyte humic acids (Mopper and Shulty, 1993) , the SAS acidity decreased with the depth in the northern Barents Sea and off the shelf break to the eastern Arctic Ocean. Similar to our results, Dittmar and Kattner (2003a) have found increased contribution of very small neutral molecules with largely hydrophobic functional groups for the region of Arctic that are not under the influence of riverine waters. Also, high neutral sugar yield (14 % DOC) in the sea-ice fresh DOM of the Arctic Ocean has been found by Amon et al. (2001) . The observed low SAS acidity suggests that the investigated region is not influenced by the terrestrial OM that is dominated by high acidity polyelectrolyte humic type substances (Thurman, 1985) . This is supported by the distribution region for the transpolar drift suggested by Anderson et al. (1994) .
The area of the Arctic shelf including Barents Sea is one of the most productive area with particularly high levels of primary production in the spring (Matrai and Vernet, 1997) .
Prymnesiophyte Phaeocystis pouchetii in their colonial form is a producer of DMS and its precursor DMSP (dimethylsulfoniopropionate) in this area. Colonies of P. pouchetii and diatoms are both present as important bloom algae in the region. The diatoms also contribute to DMSP and DMS budget in the investigated period (Wassmann et al., 1999) . for particulate organic sulfur (Matrai and Vernon, 1997) . Due to the low temperatures in the Arctic seas the organic matter produced would persist for longer period of time (Wheeler et al., 1996) and so their presence is likely to occur through the whole period of phytoplankton activity i.e. period
May -September. The concentrations of sulfur species we determined in the area of the Arctic and Barents Sea are likely to originate from the produced DMSP, POS and other organic sulfur compounds as a consequence of biological activity.
It is interesting to note that in the investigated region we have found mostly inorganic sulfur, with few exceptions of low concentrations of organic sulfur species as detected by electrochemical method. The presence of these forms of inorganic sulfur in these aerobic Reigstad, Marit. Organic matter characterization in Barents Sea and eastern Arctic Ocean during summer. Marine Chemistry. 105 (2007), 1-2; 151-165. DOI: 10.1016 /j.marchem.2007 waters would imply that microbiological activity exerted on the in-situ formed organic matter containing sulfur. Therefore, the studies on the cycling of sulfur and on sulfur budget in the Arctic region should include inorganic sulfur species such as S 2-and S 0 .
Conclusions
The main characteristic of OM in the European Arctic polar region is the dominance of (Gašparović et al., 2005) and from the Mediterranean region (Gašparović, unpublished data). 
